A new strategy for combinatorial mutagenesis was developed and applied to residues 40 through 60 of LamB protein (maltoporin), with the aim of identifying amino acids important for LamB structure and function. The strategy involved a template containing a stop codon in the target sequence and a pool of random degenerate oligonucleotides covering the region. In vitro mutagenesis followed by selection for function (Dex+, ability to utilize dextrins) corrected the nonsense mutation and simultaneously forced incorporation of a random mutation(s) within the region. The relative importance of each residue within the target was indicated by the frequency and nature of neutral and deleterious mutations recovered at each position. Residues 41 through 43 in LamB accepted few neutral substitutions, whereas residues 55 through 57 were highly flexible in this regard.
oligonucleotides covering the region. In vitro mutagenesis followed by selection for function (Dex+, ability to utilize dextrins) corrected the nonsense mutation and simultaneously forced incorporation of a random mutation(s) within the region. The relative importance of each residue within the target was indicated by the frequency and nature of neutral and deleterious mutations recovered at each position. Residues 41 through 43 in LamB accepted few neutral substitutions, whereas residues 55 through 57 were highly flexible in this regard.
Consistent with this finding was that the majority of defective mutants were altered at residues 41 to 43.
Characterization of these mutants indicated that the nature of residues 41 to 43 influenced the amount of stable protein in the outer membrane. These results, as well as the conserved nature of this stretch of residues among outer membrane proteins, suggest that residues 41 to 43 of LamB play an important role in the process of outer membrane localization.
Combinatorial mutagenesis studies are becoming important in the identification of important residues of proteins, including transport proteins (3, 15, 23, 25, 26) . In this study, we developed a novel strategy for introducing random mutations into a defined region of maltoporin (LamB protein), with the aim of identifying residues significant in contributing to structure, assembly, and sugar transport. The strategy used with LamB can be applied to the mutagenesis of any gene coding for a selectable phenotype and has considerable advantages over cassette mutagenesis methods.
Maltoporin in the outer membrane of Escherichia coli has been favored as a model in studies of phage (lambda) binding (4) and sugar channel selectivity (1) as well as protein export and assembly (9, 20) . Amino acid residues which play an important role in phage lambda and sugar binding have been identified (4, 14) . However, the events leading to the localization and assembly of LamB trimers into the outer membrane are still not clear. In addition to the signal sequence, specific regions in the mature protein may also play an important role in the biogenesis process (9, 20) but remain to be convincingly identified.
There are several lines of evidence to suggest that residues 40 through 60 of mature LamB are of structural importance. Short in-frame deletions overlapping residues 39 to 49 of mature LamB resulted in the formation of unstable protein that was rapidly degraded (24) , possibly as a result of incorrect outer membrane routing. Apart from its potential role in localization, the N-terminal third of the sequence has also been postulated to be important for sugar selectivity and channel formation (14, 29) and is highly conserved in enteric organisms. Residues 40 through 60 of LamB in Escherichia coli, Salmonella typhimurium, Shigella spp., and Klebsiella * Corresponding author. pneumoniae are identical except for one substitution (29) . Residues 40 to 49 also constitute part of a conserved region identified by Nikaido and Wu (22) (Fig. 1 ) in outer membrane proteins such as LamB, OmpA, and OmpF. Hence, this region is potentially a more generally important structural feature in outer membrane proteins, although this conclusion has been questioned in studies of OmpA deletion mutants (13) . However, no detailed genetic point mutation analysis of these sequences has been undertaken, and this study concentrates on amino acid replacements to test whether the nature of particular residues is significant in LamB biogenesis and function.
The detailed three-dimensional structure of LamB is not yet available, but a model of folding across the outer membrane has been derived, as illustrated in Fig. 1 (4) . This model predicted that residues 40 to 53 constitute an amphipathic p-strand and residues 54 to 60 are part of a surfaceexposed loop. A second aim of this mutagenesis study was to test the secondary structure predictions and indicate whether residues 54 to 60 are indeed more flexible in accepting substitutions than the predicted transmembrane segment involving residues 40 to 53.
MATERIALS AND METHODS
Strains, phages, and plasmids. E. coli K-12 strains were used in this study. Strain pop6510 [F-thr leu metA lacY tonA supE recA56 srl::TnJO lamB (dex-5) (2)] has a chromosomal lamB null mutation and was used as the host strain for characterization of plasmid phenotype; BW2800 [araD139 A(argF-lac)U169 rpsL relA (thi) ptsF25 flbB deoCI rbsR malB A(malK-lamB)I5 zja:: TnlO/F'(lacIq' lacZ::Tn5 lacY, lacA+) (10) ] was used in single-stranded DNA synthesis; CJ236 [dut-l ung-l thi-J reLA1IF' CJ1O5(Cmr) (16) Media and genetic techniques. LB and DYT media were used as described before (6) . Minimal medium A (MMA) was prepared as described elsewhere (19) . Eosin-methylene blue medium (EMB) was also used (19) Mutagenesis of residues 40 to 60. Plasmid pAM1850 was transformed into CJ236 for synthesis of the uracilated singlestranded DNA template. To obtain the Dex-template, mutagenesis of pAM1850 was performed with the degenerate oligonucleotides as described by Kunkel et al. (16) , with dut ung selection, except that 30 ng of oligonucleotides and 1 ±ug of template were used in the annealing step. The uracilated template of pAM1854, which has a Lys-56-*TAA (stop) mutation, was used in the second round of mutagenesis, again with the degenerate oligonucleotide pool. The ligation mixture was transformed into pop6510 (Dex-) and spread onto 0.4% maltodextrin-EMB indicator plates. Clones which appeared dark red were picked and purified on nutrient agar plates.
Lambda and starch binding assays. Lambda sensitivity was assayed by cross-streaking isolated Dex+ transformants against Xvir.
The sugar-binding site of maltoporin was assayed in two ways. For screening of transformants, the chemotaxis soft agar plate (14) was used. Each of the selected Dex+ isolates was tested for the ability of bacteria to bind to starch at a concentration of 2 mg/ml in 0.24% microbiological agar with 0.002% ribose present as an attractant. The size of the chemotaxis ring formed after incubation at 30°C overnight was recorded. Ring formation is indicative of a starchbinding defect, as starch prevents the swimming of bacteria with a wild-type level of functional sugar-binding site in the outer membrane (14) . A more quantitative measure of the starch-binding ability of the isolates was made with washed suspensions of bacteria applied to starch-Sepharose columns as previously described (8); the proportion of bacteria retained in these columns is dependent on maltoporin-binding activity.
DNA sequence analysis. Double-stranded DNA sequencing was performed by standard Sequenase reactions as described by the manufacturer (US Biochemicals Corp., Cleveland, Ohio) except that 1 ng of primer was used for annealing, which was done by incubation at 37°C for 20 min. The template for random mutagenesis was constructed from plasmid pAM1520 (10) by inserting two unique restriction sites bracketing the region of interest by site-directed mutagenesis (16) , forming pAM1850 (these restriction sites were not utilized in this study). The nucleotide changes in pAM1850 did not change the amino acid sequence of LamB. (ii) Degenerate oligonucleotides covering the region from residues 40 to 60 were used to introduce a stop codon within this region, as shown in pAM1854, resulting in loss of maltoporin function (Dex-). (iii) The same pool of degenerate nucleotides were used to mutagenize pAM1854, with conventional dut ung selection. Three classes of transformants were expected to be obtained in this experiment: (a) transformants still carrying plasmids with the original stop codon in the region, resulting in a Dex-phenotype; (b) transformants in which the stop codon region was replaced by an oligonucleotide sequence whose expression contributed to a pore-forming protein, with a resulting Dex' phenotype; and (c) transformants carrying plasmids with the region replaced by an oligonucleotide sequence whose expression results in a nonfunctional maltoporin, also resulting in a Dex-phenotype. Only Dex+ mutants were analyzed in this study; this selection ensures that all transformants investigated had their 40 to 60 region derived from a mutagenic oligonucleotide.
Sequencing reactions were carried out as soon as annealing was complete. The preparation of the double-stranded plasmid for sequencing was done as described before (7), but the following adjustments were made: 18 tl of double-stranded plasmids was denatured by adding 3.8 ,ul of 2 M NaOH and then incubated for 10 min at room temperature; 4.5 pl of 3 M sodium acetate (pH 4.8) was then added for neutralization. Single-stranded sequencing with phagemid DNA (30) was done when cross-banding problems occurred in the region.
Estimation of LamB levels in the outer membrane by gel electrophoresis. To quantify the amount of LamB in the outer membrane, outer membrane was extracted as described before (27) and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (17) . Samples were boiled for 5 min before loading. Selected samples were also heated at 70°C for 5 min before loading to determine the stability of the mutant maltoporin trimers. For densitometric comparisons, Coomassie blue-stained gel tracks were scanned in an LKB 2202 laser densitometer.
RESULTS
A requirement in combinatorial mutagenesis with oligonucleotides is the recovery of large numbers of mutants altered at a target sequence and few isolates with wild-type or template sequences at the target. Also, the target should not be limited to regions flanked by restriction sites, as in cassette mutagenesis. Our general strategy for achieving these aims is shown in Fig. 2 (14) . The rest of the transformants would be Dex+, with at least some channel function but which could still be altered in phage or sugar binding. These transformant sequences would all be derived from the incorporation of mutagenic oligonucleotides, and only a small proportion of these were expected to have the wildtype sequence, given the level of misincorporation into the mutagenic oligonucleotide.
More than 1,500 isolates were obtained on maltodextrin-EMB-ampicillin plates, 290 of which, or approximately 20%, appeared dark red, indicating that maltodextrins were getting through the outer membrane. All 290 were found to be fully A sensitive, suggesting that LamB trimer in the right conformation for phage binding was made in all these Dex+ isolates. Dex-clones were also tested for sensitivity in an attempt to screen for those with a correct surface conformation but unable to utilize maltodextrins because of a drastic change in channel conformation. However, all 100 Dexclones cross-streaked were X resistant, indicating that no functional trimer was present in the outer membrane of these Dex-isolates. These Dex-transformants were presumed to include a high proportion carrying the template stop codon at position 56, as well as some with mutations, including multiple mutations, rendering them unable to form functional protein. These isolates were not investigated further.
The Dex+ clones were also tested for the functional state of their sugar-binding site; previous studies showed that sugar affinity defects can be present in mutants that form a channel permitting growth on dextrins (14 Twenty Dex+ Bin-clones were sequenced, and the substitutions shown in Fig. 5 , including the combinations of multiple substitutions, were found. Most strikingly, the replacements uniquely present among Bin-isolates were mostly at residues 40 to 43, although some of these were in random combination with substitutions already found in neutral Dex+ Bin' isolates. As summarized in Fig. 4b Fig. 3 ).
sugar-binding site (14) . To distinguish between these possibilities, the levels of LamB in the outer membrane of selected Bin' and Bin-isolates were estimated. Outer membrane was extracted from 18 nonidentical Bin-isolates, and the levels of LamB in the outer membrane were determined by gel electrophoresis, as shown in Fig. 6 . The results indicated that all of the Bin-isolates have some reduction in the level of LamB protein in the outer membrane, as summarized in Table 1 , in which densitometrically scanned LamB levels were normalized to OmpF/C levels to compensate for possibly misleading loading differences in Fig. 6 To further analyze the effects of mutations on the sugarbinding site in Bin-isolates, starch binding was also assayed in starch-Sepharose columns. Ninety percent of the bacteria with a wild-type LamB-expressing plasmid (pop6510 harboring pAM1850) were retained in these columns, whereas only 10% of the bacteria without LamB were retained. For the mutant isolates, the retention rate, expressed as the percentage of bacteria retained in the column, was as summarized in Table 1 . In confirmation of the chemotaxis experiments, all FIG. 6 . LamB protein in the outer membrane analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (17) . Track a shows the pattern of outer membrane proteins of pop6510 containing pAM1850; tracks b through s show Bin-isolates 101 through 118, respectively. Purified protein standards were in track t. MBP, maltose-binding protein. Fig. 5 .
b The gel in Fig. 6 was scanned densitometrically, and the ratio of peak sizes of LamB relative to that of the combined OmpF/C bands was estimated for each isolate. The value given is the LamB/OmpFC percentage for isolates relative to that for the wild type. ' Starch binding of bacteria containing LamB-expressing plasmids was estimated as described previously (14) .
d Outer membrane extracts from the isolates were electrophoresed after heating at 70 and 100'C. The stained LamB bands were scanned densitometrically, and the proportion of the LamB monomer at 70'C versus that at 100'C was tabulated.
e ND, not determined. Since the completion of this study, the position of residues in OmpF corresponding to residues 41 to 43 of LamB has been determined by X-ray crystallography (5). These residues were in a transmembrane region deep within the monomer-monomer interaction site of OmpF. The phenotype of LamB mutants within this region is highly consistent with such a position in LamB as well.
Residues 55 to 57. In contrast to residues 40 to 43, residues 55 to 57 accept a diverse range of substitutions (Fig. 4a) , suggesting that these residues are unlikely to be of functional importance. The flexibility demonstrated at these residues is in good agreement with the proposed secondary-structure model ( Fig. 1) (4) , which suggested that these residues constitute a membrane-external loop. It has previously been demonstrated that a Ser-57--3Cys mutant had phenotypes no different from those of the wild type (12) , which is also consistent with the tolerance of these residues in accepting neutral substitutions. However, labeling studies on the mutant carrying the Ser-57--*Cys mutation showed that the thiol VOL. 175, 1993 on January 21, 2016 by guest http://jb.asm.org/ Downloaded from was not as accessible as expected for a freely external loop (11) . In OmpF, there is no membrane-external loop but a tight beta turn at the corresponding position. There may well be a difference from LamB at this site.
Residues 58 to 60. The region of the highest flexibility (residues 55 to 57) does not extend to residues 58 to 60, which were also postulated to be in the loop. A mutant with a substitution of Phe-58-*Asp (together with two other neutral substitutions at residues 46 and 55) had a starchbinding defect. Although at this stage we have no data on the effect of the Phe-58--Asp mutation in isolation, the relatively restricted nature of residues 58 to 60 suggests that these residues are not part of the flexible loop. The mutational data are more consistent with these residues already being in the next ordered segment (f, Fig. 1) .
Residues 44 to 54. Residues 44 to 54, with the exception of residues 44, 49, 52, and 54, all accept a limited range of functional substitutions (Fig. 3) . At this stage, it is difficult to conclude whether this stretch of amino acid residues is part of a transmembrane region, as in Fig. 1 , or a region such as one of the short a-helices found in OmpF or Rhodobacter porin (5, 27) . Alternatively, residues 44 to 54 together with residues 55 to 57 could constitute a larger external loop. A larger loop would require a shorter preceding transmembrane segment, and given that most transmembrane f-structured segments in OmpF or Rhodobacter porin are less than 17 residues in length (5, 27) , the originally proposed 21 residues in segment d (Fig. 1 ) may have been overestimated. Nevertheless, the nature of some residues between 44 and 54 appears to be critical. At residue 44, only large and hydrophobic amino acids were recovered as neutral substitutions (Fig. 3) . Also, Glu-49---Val resulted in a starchbinding defect (Fig. 5) . Given that this residue accepts only relatively conservative substitutions and that the same residue is found in OmpF (Fig. 1) , it appears that Glu-49 plays a role in the stability and functioning of LamB in the outer membrane. Similarly, residues 52 and 54 also appear to have a restricted range of functional substitutions. In particular, Lys-52 accepts only Arg, which is of the same charge, and Ile, which is identical to the corresponding residue in OmpF. Also, a Lys-52--+Glu substitution, along with two other substitutions at residues 41 and 56, resulted in a Binphenotype (isolate 110, Fig. 5 ), although the effect of the Lys-52-Glu substitution in isolation is not known at this stage.
Since both residues 49 and 52 are charged residues, further investigations are necessary to elucidate whether their potential roles in LamB structure and function are charge related. It is important to note that, as shown in Fig. 1 , segment d is highly polar for a potential transmembrane segment and also shows high amphipathicity as a 13-structure, as is the corresponding region of OmpF (5). Substitutions changing the nature of the charge were not tolerated at all except in the loop at residues 53 to 56, as were other nonconservative substitutions. Charge changes at residues 45, 49, and 52 were associated with a protein structural defect. These results are consistent with the likely importance of the amphipathic nature of this segment in LamB structure, stability, and outer membrane assembly.
In conclusion, the results presented in this study have proved useful in the identification of important residues within a region for which little structural and functional information was available. The spectrum of neutral and defective substitutions has provided an internally consistent pattern of the particular significance of residues 40 to 43 in the structure and function of LamB and possibly in the corresponding regions of other outer membrane proteins. It is also worth emphasizing that the study of functionally acceptable substitutions provides a means of testing proposed models of secondary structure.
